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Abstract
The paper reports on the effects of a proton irradiation campaign on a series of thin-ﬁlm
silicon solar cells (single- and double-junction). The effect of subsequent thermal annealing on
solar cells degraded by proton irradiation is investigated. A low-temperature annealing
behaviour can be observed (at temperatures around 100 to 160C) for microcrystalline silicon
solar cells. To further explore this effect, a second proton irradiation campaign has been
carried out, but this time on microcrystalline silicon layers. The effect of proton irradiation
and subsequent thermal annealing on the optical and electronic properties of microcrystalline
silicon is, thus, thoroughly investigated.
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1. Introduction
Solar cells in space are highly exposed to proton radiation. It has been shown that
CIS [1] and thin-ﬁlm amorphous silicon [2] solar cells have far higher radiation
hardness when compared to conventional Si and GaAs devices. The power/weight
ratio of thin-ﬁlm solar cells is very promising for space applications, where weight is
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an important factor inﬂuencing launching costs. Thin-ﬁlm double-junction solar cells
using amorphous silicon (a-Si:H) and microcrystalline silicon (mc-Si:H), i.e. the so-
called ‘‘micromorph’’ tandem cells [3–6], are a further interesting candidate for use
on satellites, but the proton radiation hardness of the microcrystalline material had
so far not been thoroughly explored. The present paper intends to ﬁll this gap, by
reporting on corresponding proton irradiation tests and subsequent annealing
experiments. We thereby will complete the experimental data already reported by us
in conference papers [7–9] and give a tentative interpretation of the observed effects.
Our test samples are thin-ﬁlm silicon solar cells (both amorphous and microcrystal-
line) as well as individual microcrystalline silicon layers.
2. Experimental
2.1. Sample details
2.1.1. Solar cells
For the solar cell samples, single- and double-junction devices have been studied.
All cells were manufactured by the very high frequency glow-discharge (VHF-GD)
technique [10] at IMT Neuch#atel.
As for single-junction cells, we have irradiated thin-ﬁlm n–i–p a-Si:H and n–i– p
mc-Si:H solar cells. W.r.t. double-junction tandem devices, both n–i–p and p–i–n
micromorph (mc-Si:H/a-Si:H) solar cells (structure illustrated in Fig. 1) were irradiated.
Different substrates were chosen for the single-junction a-Si:H n–i–p solar cells:
glass, stainless steel sheet metal, and polyimide. The preirradiation conversion
efﬁciency varied from 7.5% to 8.5% for the a-Si:H cells. Glass was the substrate used
for all other cells tested (n–i–p mc-Si:H, n–i–p micromorph and p–i–n micromorph).
For the double-junction p–i–n micromorph cells, the preirradiation conversion
efﬁciency was between 10% and 11%. Prior to starting the series of irradiations, all
cells have been annealed at 180C for 90minutes.
2.1.2. Microcrystalline layers
We have also studied the effect of proton irradiation on undoped hydrogenated
microcrystalline silicon (mc-Si:H) layers that were manufactured by the VHF-GD
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Fig. 1. Basic structure of p–i–n micromorph silicon solar cell (left) and mc-Si:H layer (right).
2
technique [10] at IMT Neuch#atel. These layers were deposited with 5% concentra-
tion of silane in hydrogen. A gas puriﬁer was used to avoid oxygen contamination
leading to unintentional doping effects and, thus, to obtain nearly intrinsic mc-Si:H
layers.
We have studied 5 samples of different thicknesses, varying from 1 to 5 mm by
steps of 1 mm. Each layer was deposited on two substrates: glass and silicon wafer. As
in the case of cells, all layers were annealed at 180C for 90min prior to starting the
series of irradiations.
2.2. Irradiation technique
Our samples were irradiated by the European Space Agency (ESA) at CEA
(Paris), using a rocking equipment described hereafter. The samples’ substrates were
placed on a 5mm aluminium holder, so that no proton entered the cell or the layer
through the substrate side. A 500 mm aluminium sheet was applied at the top of the
samples, and the whole equipment was rotating compared to the proton ﬂux. This
was used to reduce the initial energy of the protons (10MeV) to a lower value (from
several tenths of keV up to 5MeV). The ﬂuence (dose of particles per area) was
1.5E13 p+/cm2. The obtained energy spectrum of the incident protons has been
calculated and is shown in Fig. 2. The initial energy of the protons had to be reduced
below 10MeV, as protons of this energy pass through thin-ﬁlm solar cells or layers
without being absorbed. All cells were irradiated under open-circuit conditions.
After irradiation, annealing steps at increasing temperatures have been carried out
on all the samples.
2.3. Experimental techniques
2.3.1. Solar cells
The cells were characterized before and after irradiation, and after each of the
post-irradiation annealing steps. This was done at IMT with a solar simulator under
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Fig. 2. Energy spectrum of the incident protons.
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AM1.5 conditions (1000W/m2, terrestrial standard test conditions) and with
Spectral Response measurements. Three parameters were measured: the open-
circuit voltage (Voc), the short-circuit current (Isc), and the ﬁll factor (FF). A fourth
parameter is calculated: the efﬁciency (Z). It is equal to the product of Voc; Isc and FF
(if these three parameters are measured under AM1.5 conditions, which is here the
case). The difference for AM0 (space) conditions (illumination in space: 1360W/m2)
is found, by calculation from a typical spectral response curve of an amorphous cell,
to be an increase by 22% of Isc; one should expect also a minor increase in Voc and a
small reduction of FF and Z: Comparisons are made w.r.t. the mean value of the
normalized conversion efﬁciency of four to six cells from the same substrate for each
type of solar cells.
2.3.2. Microcrystalline layers
The mc-Si:H layers have been characterized before and after irradiation, and after
each of the post-irradiation annealing steps. As we are interested in the possible
changes in structural, optical and electronic properties of the layers, several
measurements were carried out: infrared transmission (IR), photothermal deﬂection
spectroscopy (PDS), constant photocurrent method (CPM), dark conductivity,
steady-state photoconductivity (SSPC) and steady-state photoconductivity grating
(SSPG). The following parameters were considered in order to evaluate the inﬂuence
of proton irradiation: subbandgap absorption coefﬁcient a [cm1] measured by PDS
and CPM, mobility-recombination time (m0tRmin) product of the minority carriers
(holes) as yielded by the SSPG method, mobility-recombination time (m0tRmaj)
product of the majority carriers (electrons) as yielded by measurement of the
photoconductivity, and dark conductivity sdark: By combining the SSPG and
photoconductivity measurements, according to [11–12], one can deduce a parameter
b that is proportional to the ratio of majority carrier density to minority carrier
density. The parameter b is, thus, a sensitive indication of the position of the Fermi
level. Also determined according to [11–12] was the value m0t0; a mobility-lifetime
product that is normalized in such a way as to be independent of the Fermi level.
3. Results and discussion
3.1. Solar cells
For all three types of n–i–p a-Si:H silicon solar cells (on polyimide, stainless steel
sheet-metal and glass substrates), an excellent radiation hardness has been observed.
No difference was observed for the different substrates. The results show that these
cells are only very slightly damaged by proton irradiation at the chosen ﬂuence and
energy. For the n–i–p mc-Si:H and n–i–p micromorph silicon solar cells, all
parameters show a loss after the proton irradiation. After thermal annealing
however, the four parameters reach again their initial value (i.e. the value before
irradiation). Fig. 3 presents the normalized efﬁciency of n–i–p a-Si:H, n–i–p mc-Si:H
and n–i–p micromorph solar cells on glass substrates after proton irradiation and
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also after subsequent annealing at different temperatures (100C for 5 h, 140C for
2 h, 180C for 2 h). Each data point is a mean value of four solar cells on the same
glass substrate. All n–i–p cells were irradiated through the p-side, with proton ﬂux
passing ﬁrst through front TCO before reaching the p-layer.
The normalized efﬁciency of p–i–n micromorph (Fig. 4) solar cells looks quite
similar with the one of n–i–p micromorph solar cells (Fig. 3). The annealing time and
temperature are the same for both types of cells (p–i–n and n–i–p micromorph). As
shown in Fig. 4, the degradation due to proton bombardment could be partly
recovered with post-irradiation isothermal annealings. Irradiation results of two
different substrates are illustrated in Fig. 4, and each data point is a mean value of
four solar cells on the same substrate. Note that the p–i–n micromorph solar cells
were irradiated through the n-side, with proton ﬂux passing ﬁrst through back TCO
before reaching the n-layer.
As the normalized conversion efﬁciency of n–i–p mc-Si:H and of n–i–p
micromorph silicon solar cells looks similar after proton irradiation and after the
different annealing steps (see Fig. 3), we supposed that it is the mc-Si:H cell of the
micromorph tandem solar cell that was damaged by the irradiation. This is
conﬁrmed by relative spectral response measurements made on a p–i–n micromorph
tandem solar cell.
Fig. 5 shows clearly that it is the microcrystalline (bottom) cell that is damaged
after the proton irradiation. At the beginning, we had two hypotheses to explain this
observation. Firstly, an explanation could be proposed in the different thicknesses of
the amorphous and microcrystalline layers of the tandem micromorph cell. As the
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Fig. 3. Normalized efﬁciencies of n–i–p a-Si:H, n–i–p mc-Si:H and n–i–p micromorph solar cells on glass
substrates. The datapoints are averaged curves, averaged over 4 cells, on the same substrate.
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microcrystalline layers (bottom cell) are about ﬁve times thicker than the amorphous
layers (top cell), there is much more risk to ﬁnd damages located in the
microcrystalline layers. This hypothesis will, however, be at least partly contradicted
by the thickness dependence of radiation damage observed for individual layers
(Section 3.2). A second explanation could be found in the fact that amorphous
material has originally already a high density of defects. The fact that a-Si:H solar
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Fig. 4. Normalized efﬁciencies of p–i–n micromorph solar cells on glass substrates during a ﬁrst cycle of
irradition and subsequent annealing steps.
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Fig. 5. Relative spectral response [a.u.] versus wavelength [nm] for a p–i–n micromorph cell (dotted
line=measurement after proton irradiation).
6
cells are, therefore, designed to work with these defects could also explain that
amorphous layers are much more radiation-resistant than microcrystalline layers. A
further possible explanation based on the presence and spatial distribution of
hydrogen in the two different types of material is given, as a conjecture, in Section
4.3 hereafter.
The p–i–n micromorph solar cells whose radiation results are illustrated in
Fig. 4 have been exposed a second time to the exactly same proton irradiation. After
this second bombardment, we have annealed the samples at signiﬁcantly lower
temperatures (70C, 100C, and 130C, each annealing step during 10 h). Experi-
mental results of the same two samples are illustrated in Fig. 6. It shows that after
annealing at lower temperatures the degradation due to proton bombardment
could also be partly recovered. We expect that longer annealing times at low
temperatures around 70 to 100C may allow for a full recovery of the degradation.
It is likely that a steady state would be reached in space, where simultaneous
degradation and annealing come to a balance.
We were indeed surprised to discover this low temperature annealing behaviour
for our thin-ﬁlm microcrystalline silicon solar cells. We concluded that there was a
great interest to understand in more detail what happens in the intrinsic layer itself
during the irradiation. So a new proton irradiation campaign was carried out, but
this time on individual intrinsic microcrystalline layers.
3.2. Microcrystalline layers
As we have seen in the section on solar cell results (Section 3.1), the amorphous
silicon solar cells have a good proton radiation hardness, which is not the case for
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Fig. 6. Normalized efﬁciencies of p–i–n micromorph solar cells on glass substrates during a second cycle
of irradiation and subsequent annealing steps, with lower annealing temperatures than those used in the
ﬁrst cycle.
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microcrystalline silicon solar cells. A further irradiation campaign, on microcrystal-
line layers of different thicknesses (5 layers: 1, 2, 3, 4 and 5 mm thick), has therefore
been carried out in order to check if there is any thickness dependency of the effects
of irradiation on microcrystalline layers. Furthermore, we are interested in the
change of the optical and electronic properties, and their relation to the density of
defects. Each characterization measurement was done at several distinct moments
for each layer: immediately after the deposition process, after the irradiation (for
irradiated samples and also for non-irradiated samples used as a control group), and
after each subsequent thermal annealing step (for irradiated samples only).
In the infrared transmission measurements, we have not at all seen any signiﬁcant
changes between the values before and after proton irradiation (not illustrated). This
means that there is no detectable change in the structure of the mc-Si:H material after
the irradiation process.
Concerning the PDS and CPM measurements, we have seen after irradiation an
increase of the absorption coefﬁcient a by a factor 1.5–2 in the 0.7–0.9 eV energy
range. This means that, with the irradiation, we have created deep defects in the mid-
gap region.
With the thermal annealing steps (at 70C, 100C and 130C: each step during
10 h; and 160C during 50 h), we did not remark any recovery until the 160C step.
After this last step, however, the absorption measurements yielded nearly the same
value as before irradiation (see Fig. 7). So we can state that the defects created by
proton irradiation could be almost fully recovered.
The m0tR product of the minority and majority carriers is plotted in function of the
parameter b (which represents the Fermi level position) in Fig. 8. Several
observations can be made: ﬁrst, we observe an increase of the parameter b with
time after the manufacturing and before the irradiation. This is due to the
unintentional incorporation of oxygen in the mc-Si:H layers (post-oxidation), which
leads to n-type doping for microcrystalline silicon material. Secondly, we see that
after irradiation the value of the parameter b drops signiﬁcantly. This indicates that
the irradiation creates deep defects (broken ‘‘bonds’’) which are electrically neutral
and bring the Fermi level Ef towards the centre of the gap. Thirdly, the m0tRmaj
product of the majority carriers drops substantially during irradiation. As the
mobility m0 can be assumed to remain constant, we deduce that tRmaj irradiated5tRmaj
initial. This conﬁrms the creation of neutral defects (D
0 defects). We can also remark
that if the thickness of the layer is increased, the observed increase in defect density
ND0 due to irradiation is less pronounced.
After each of the thermal annealing steps (at 70C, 100C and 130C, each step
during 10 h, and at 160C during 50 h), we can observe that the parameter b moves
towards its original value (i.e. the value obtained after post-oxidation of the layer,
i.e. just before irradiation). This behaviour can be seen in Fig. 9, representing the
values of the 2 mm thick layer.
The ‘‘normalized’’ m0t0 product is plotted, in function of layer thickness, in
Fig. 10. Here, m0 can be assumed to remain constant, and t0 can be assumed to be
proportional to N1
D0
: After the irradiation, we observe that: (a) for the thinner layers
(1, 2 and 3 mm thick), ND0 is E1.7–1.8 times higher than before irradiation; (b) for
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the thick layers (4 and 5 mm thick), ND0 is Eonly 1.3–1.4 times higher than before
irradiation. As the microcrystalline layer of the irradiated p–i–n micromorph tandem
solar cells is about 2 to 3 mm thick, we observe a correlation between the electrical
measurements on the cells (where Zirradiated/Zinitial ¼ 0:520:7) and the factor of
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Fig. 7. Subbandgap absorption measurements (by CPM) on a 2mm thick mc-Si:H layer.
Fig. 8. mt product of the minority and majority carriers plotted in function of the parameter b for the 2, 3,
4 and 5mm thick mc-Si:H layers.
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increase for ND0 ; thereby: Zirradiated/ZinitialpN
1
D : This would mean that the defect
density of the i-layer of is directly linked to the conversion efﬁciency of the cell. This
can be easily understood, as with an increase of defect density we also have an
increase in the density of recombination centres: electrical transport is impaired and
ARTICLE IN PRESS
Fig. 9. mt product of the minority and majority carriers plotted in function of the parameter b for the 2 mm
thick mc-Si:H layer.
Fig. 10. m0t0 product plotted in function of the layer thickness for mc-Si:H layers.
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collection lengths are decreased, resulting in a corresponding drop in efﬁciency. But
we have to be careful in our interpretation, because the electrical measurements
made on the layers are coplanar measurements and therefore not directly relevant of
the collection path in solar cells, due to a possible anisotropy of transport in mc-Si:H
material.
After the thermal annealing step at 130C, we can observe that the values ﬁt
already very well with those measured before irradiation (see Fig. 10). We can also
remark that the thicker the layer is, the quicker it recovers (thickness dependency
effect).
The dark conductivity sdark is plotted in function of the layer thickness in Fig. 11.
We observe that before irradiation, sdark is relatively constant. After the irradiation
meanwhile, there is a strong dependency between the layer thickness and the
dark conductivity (thickness r, sdark r). The reason for this behaviour could
be that during the irradiation we have a proﬁle of defect generation
(ND
close to the surface>NdeepD ): as in all electrical measurements the current always
chooses the less resistive path, we could now interpret this observation (thicknessr,
sdark r) as an effect of the layer thickness on the electrical measurements; the defect
creation would thereby be mainly located in the upper part of the microcrystalline
layer.
After all the thermal annealing steps, we can observe an almost full recovery of
sdark (see Fig. 11). Like for the m0t0 plot (Fig. 10), we can remark, also for sdark; a
thickness dependency effect during the thermal annealing steps. This can be
explained with the assumed non-uniform defect proﬁle.
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Fig. 11. Dark conductivity sdark plotted in function of the layer thickness for mc-Si:H layers.
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4. Conclusions
4.1. Solar cell proton irradiation
For the solar cell irradiation part, we have seen that thin ﬁlm amorphous silicon
solar cells have an excellent radiation hardness. Thin-ﬁlm microcrystalline and
micromorph (mc-Si:H/a-Si:H tandem) solar cells show an important loss of
conversion efﬁciency after proton irradiation. But almost the full loss of efﬁciency
could be recovered after low-temperature annealing during a short time. In the
tandem cell, it is the microcrystalline bottom cell that was mainly damaged by the
proton irradiation.
The thermal history of the solar modules in space is very important, especially for
‘‘micromorph’’ tandem solar cells with their excellent power/weight potential. We
contend that a steady state could be reached in space, where simultaneous radiation
degradation and thermal annealing would come to a balance.
4.2. Microcrystalline layer proton irradiation
Concerning the irradiation of individual microcrystalline layers, the creation of
neutral defects D0 has been observed after irradiation. After the different thermal
annealing steps, however, the initial properties of the layers could be recovered. The
following explanations have been deduced from the experimental observations: ﬁrst,
the proton irradiation has generated a non-uniform defect proﬁle. This means that
there is, after irradiation, a higher defect density close to the surface than deep in the
layer. Second, we observed a layer thickness effect on the coplanar electrical
measurements. This can be easily understood with the fact that, during all electrical
measurements, the current always takes the less resistive path. With the defect
creation, the resistivity of the material is locally increased because the Fermi level is
thereby shifted towards mid-gap. When performing coplanar electrical measure-
ments on thicker layer, the current will, however, pass mainly through the less
degraded regions that have a lower neutral defect density and, thus, a higher value of
sdark; these regions are deeper in the layer, and, therefore, the measurements on
thicker layers are mainly probing this region. Third, we could observe a correlation
between the evaluated increase in defect density for a 2 mm thick layer and the
measured decrease in efﬁciency for single-junction microcrystalline cells, so as to
obtain Zirradiated=ZinitialpN
1
D : This would mean that the defect density of the
microcrystalline i-layer is directly linked to the conversion efﬁciency of the cell.
4.3. Possible explanation of the irradiation and annealing effects
By proton irradiation, neutral defects D0 were created in the microcrystalline
silicon layers. From a physical point of view, one can assume that bonds previously
saturated by hydrogen were broken and new dangling bonds were created. This
process looks similar to the Staebler–Wronski effect as known for amorphous silicon
material.
12
By thermal annealing, atomic hydrogen contained in the microcrystalline silicon
material moves to the defect sites and passivates the broken bonds created by
irradiation. The increase in temperature helps the atomic hydrogen to diffuse to the
defect sites. The higher the annealing temperature, the more pronounced the thermal
diffusion of atomic hydrogen will be.
The difference in radiation hardness between amorphous and microcrystalline
thin-ﬁlm silicon solar cells can now be attributed to a further possible explanation:
for the amorphous silicon material, hydrogen is distributed in the material
in a spatially homogeneous manner. So, defect passivation is easy, even at ambiant
temperature. A kind of immediate self-passivation of defects would take
place in amorphous silicon material. Unlike the situation in amorphous silicon
material, hydrogen is not distributed spatially in a homogeneous manner in
microcrystalline material. It is located at the grain boundaries and in the amorphous
phases (between the microcrystalline grains). As there is in general very little
atomic hydrogen located close to most radiation defects, which are, in their turn,
located within the microcrystalline grains, it is very difﬁcult to obtain defect
passivation at ambient temperature. With thermal annealing, on the other hand,
thermal diffusion of atomic hydrogen is greatly enhanced, so that defect passivation
can take place.
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